In this paper, we have focused on microencapsulation of insecticides as the active ingredient in polyurea shell synthesized by interfacial polycondensation of hexamethylene-1,6-diamine (HMDA) and hexamethylene-1,6-diisocyanate (HMDI). It is known from earlier works [22] [23] [24] that the interfacial polycondensation synthesis process offers flexibility when making microcapsules, thus allowing the producer to achieve the desired properties needed for the required release rates of the active ingredient. However, the effect of temperature on the kinetics of interfacial polycondensation, has not been addressed by earlier studies. Also, variables directly affecting the kinetics of the interfacial polycondensation reaction of HMDI-HMDA have been varied across a wide range of values, thus enabling us to make certain conclusive remarks about microcapsules as a final product.
To study the kinetics of polyurea synthesis by interfacial polycondensation, experiments were conducted with several bulk mole ratios of the monomers (i.e., initial moles of HMDI to initial moles of HMDA), the number of moles of limiting monomer per unit volume of the dispersed phase (nL/Vd) and reaction temperature (T). The encapsulation efficiency was calculated and the rates of release of chlorpyriphos, cypermethrin and pretilachlor into methanol were measured in controlled release experiments.
EXPERIMENTAL
Hexamethylene-1,6-diamine (HMDA) and hexamethylene-1,6-diisocyanate (HMDI) of > 99 % purity were obtained from Sigma-Aldrich (USA). Both were used without further purification. The emulsifier Tween-85 (Sigma-Aldrich, USA) was used to stabilize (oil-in-water) emulsions in which the reaction was carried out. The organic solvent n-octane was purchased from S.D. Fine Chemicals Ltd. (India). Distilled water was used as solvent for HMDA. The insecticides used as the core materials were chlorpyriphos, cypermethrin (selective pesticides) and pretilachlor (selective herbicide), supplied by UPL India Ltd. (Ankleshwar, India) as study samples. Methanol (Merck, Germany) was used as a medium in controlled release experiments.
Synthesis of polyurea microcapsules: The polyurea microcapsules were synthesized according to the procedure reported in the literature. A two-step procedure was adopted and the total volume of the aqueous phase was constant in all experiments. In the first step, oil-in-water emulsion (oil:water::1:2 v/v) was prepared by dispersing the organic phase. A solution of a desired concentration of HMDI in solvent n-octane in distilled water, with Tween-85 (4 % v/v, distilled water) as the emulsifying agent. The emulsification of organic phase and aqueous phase was carried out using a mechanical stirrer with a shrouded, fourbladed, pitched turbine impeller, stirring at 3000 ± 20 rpm for 15 min. This step was identically performed for all of the experiments to obtain the same drop size distribution of emulsion and particle size of microcapsules as reported in the literature [23] [24] [25] . In the second step, an appropriate volume of this emulsion (V d /V c = 0.05) was added to an aqueous solution of HMDA, and the reaction mixture was continuously stirred at 200 rpm. Interfacial polycondensation was carried out between HMDI in dispersed phase (present in the emulsion) and HMDA in aqueous phase. The reaction temperature was continuously monitored and controlled with a temperature probe attached to a data acquisition system. The progress of reaction was monitored by measuring the change of pH of reaction mixture with the use of an advanced Programmable Logical Controller based pH Logger equipped with high responsive pH probe until it reached a constant value. Polyurea microcapsules were of an average particle size of 3.20 µm finally filtered, washed with n-octane, dried under vacuum and stored in a moisturefree environment. Table-1 shows the experimental conditions employed to study the reaction kinetics. Synthesis of insecticide-loaded polyurea microcapsules: The insecticides (chlorpyriphos, cypermethrin and pretilachlor (Table- 2) were dissolved in n-octane (4 % w/v) and encapsulated as the core material in polyurea microcapsules synthesized as shown in Fig. 1 [26] [27] [28] with distilled water and lightly blotted to remove excess surface moisture. The microcapsule (1 g) was added into the release cell containing 100 mL methanol and kept in a sonicated bath at 28 ºC. At regular intervals, 10 mL of sample was withdrawn using a syringe, filtered with filter paper and its absorbance recorded using a pre-calibrated UV-spectrophotometer (UV-1800, UV-VIS Shimadzu, Japan). Fresh methanol was added to the cell to maintain a constant volume of the continuous phase. Following the methods of Takashi et al. [26] and Scopean et al. [27] , encapsulation efficiency and percent release of insecticide were determined. Characterization: Functional groups of polyurea were examined using a Fourier transform infrared (FTIR) spectrophotometer (Spectrum One, Perkin Elmer). The powder X-ray analysis of polyurea samples was recorded using a Bruker powder X-ray diffractometer (Model D2 Phaser, Bruker, USA). Percentage crystallinity was calculated from the X-ray diffractogram using ORIGIN-85. The thermal stability of polyurea was evaluated with TGA/DSC-1 METLER TOLEDO between 30 and 500 ºC with a heating rate of 10 ºC/min.
RESULTS AND DISCUSSION
Interfacial polycondensation kinetics of polyurea formation: Fig. 2 shows the effect of monmer mole ratio (R) on the reaction rate for constant conditions of phase volume ratio (V d / V c = 0.05), n L /V d = 0.72 and T = 25 ºC. It was observed that interfacial polycondensation reaction is on the organic side of the interface and kinetically controlled the variation in concentration of HMDI results in a change in R [24, 25] . A high value of monomer mole ratio R, results in an increase in the concentration of HMDI and the reaction is accelerated. Therefore, the reaction rate is highest for monomer mole ratio (R) is 2.4. As shown in Fig. 3 , an increase in the number moles of limiting monomer per unit volume of the dispersed phase (nL/Vd) decreases the release rate due to increased polymer film thickness; a diffusion mechanism is responsible for lowering the reaction rate in the case of a thicker film. Figs. 2-4 show that a hump always appears in the pH-time plot. The same observation has been noted by Wagh et al. [24] . The time at which the hump appears might indicate the appearance of a solid polymer phase creating an instantaneous resistance to the transfer of aqueous phase monomer molecule across the phase interface. Step-I: Emulsion (o/w) Preparation (stirring at 3000 rpm for 15 min)
Organic phase: ( -Octane + HMDI + n insecticide) 1 g of Microcapsules in 100 mL methanol to study controlled release
Step The reaction temperature is also an important process parameter for polyurea synthesis via interfacial polycondensation. To our best of knowledge, no data are available on the effect of temperature on interfacial polycondensation reaction. In present experiments, as expected, it was observed that the reaction is faster at 35 ºC compared to other two temperatures (25 and 20 ºC) (Fig. 4) . Fig. 5a -d show X-ray diffractograms of all four samples, which indicates that interfacial polycondensation synthesized polyurea, is a reasonably crystalline polymer with a variable crystallinity depending on the reaction conditions. The percent crystallinity was calculated using ORIGIN-85 and these data are given in Table-3. Results of percentage crystallinity indicate that all samples of polyurea are semi-crystalline polymers. The tabular data indicate an increase in R (S22 and S17) results in a decrease in Xc, while an increase in nL/Vd (S15 and S17) leads to an increase in Xc. Also, polyurea with low percent Xc was formed as the reaction temperature increased (S17 and S24). It can be stated with a reasonable degree of confidence that there exists a definite correlation between the rate of interfacial polycondensation reaction and the percent crystallinity of the polyurea formed. An increase in R and temperature and a decrease in nL/Vd increases the rate of reaction, thereby decreasing Xc. This is because the increase in the rate of formation of polyurea gives relatively less time for molecular rearrangement, which reduces the crystallinity. As shown in Fig. 6 , DSC curve of polyurea sample shows an exothermic peak at 330.09 ºC, an endothermic peak at 361.02 ºC and an additional exothermic peak at 417.61 ºC, which represent decomposition, melting and degradation temperature of polyurea sample with 27.98 % crystallinity. The sample has good thermal stability. Controlled release of encapsulated insecticide: Yadav et al. [23] speculated about a rough inverse relationship between the rate of reaction and percentage crystallinity of produced polyurea . Also, it is quite logical to expect lower permeation/ release rates for the higher crystalline samples of the polyurea. Indeed, Table-4 reports quantitative data suggesting this to be the case. For all of the encapsulated insecticides, it is seen that the cumulative percentage release after 100 min decreases with an increase in crystallinity. Also, using the same logic, we would expect higher encapsulation efficiency with higher crystallinity, irrespective of the core material. Indeed, Table-4 clearly shows such a trend. Fig. 7a-c shows the controlled release of various insecticides encapsulated in a polyurea shell under different preparative conditions (Table-4 ). For all selected samples of insecticides, the encapsulation efficiency increases with a decrease in monomer mole ratio (R) and increase in nL/Vd. For sample CLP4, the crystallinity was 21.20 %, while for sample CLP5 this value was 26.7 6%. The encapsulation efficiency was 81.67 and 93.83 % for CLP4 and CLP5 respectively, corresponding to a 12.16 % increase. After a constant period of 100 min, the cumulative releases of chlorpyriphos through these samples are 71.50 and 58.05 %, respectively. The FTIR spectrum of polyurea microcapsule sample containing chlorpyriphos as a core material is shown in Fig. 8 , which shows the transmission band at 1628.85 cm -1 for C=O stretching of urea formation. The N-H stretching was observed at 3355-3023 cm -1 and C-H stretching in the aliphatic ethylene group of diamine was observed in 2924.47 cm -1 region. There was no obvious peak observed at 2280-2220 cm -1 , which suggests N=C=O was completely reacted. Moreover, the Cl-C and P=S groups of chlorpyriphos were observed at 646. 10 
Conclusion
Polyurea microcapsules synthesized via interfacial polycondensation of HMDA and HMDI using n-octane as an organic solvent can effectively encapsulate various insecticides as a core material, including selective pesticides (cypermethrin and chlorpyriphos) and a selective herbicide (pretilachlor). The kinetics of polyurea synthesis is governed by the bulk mole ratio of monomers (R), the number of moles of limiting monomer per unit volume of dispersed phase (nL/Vd) and reaction temperature under the constant ratio of volume of dispersed phase to the volume of continuous phase (Vd/Vc = 0.05). The reaction rate increases with increase in R, increase in temperature and decrease in nL/Vd. Semi-crystalline polyurea is obtained and the percent crystallinity is higher with high values of nL/Vd and low values of R. The encapsulation efficiency of various insecticides increases with decrease in R and increase in nL/Vd. The controlled release of the active ingredient largely depends on the properties of the polymer shell, especially the crystallinity.
